AND CONCLUSIONS
1. The rat whisker-to-barrel system was used to investigate the variability and interhemispheric asymmetry in the functional organization of primary somatosensory cortex as assessed with intrinsic signal optical imaging. The area1 extent of whisker Dl functional representation was determined for both the left and right barrel cortex of each of 10 adult male rats. The average size of whisker Dl functional representation and the amount of variability away from this average across animals were determined. In addition, interhemispheric asymmetry was addressed at both the population level and the individual level. The degree of side preference for thigmotactic scanning (typical whisker-related rodent behavior) was determined for each rat in an attempt to find a behavioral correlate for the degree of interhemispheric asymmetry in the size of whisker D 1 functional representation.
2. The average area1 extent of whisker Dl functional representation (defined as area at half-height) was large ( 1.95 t 0.14 mm2, mean t SE, N = 10 rats), suggesting that stimulation of a single whisker evokes activity over a large cortical area that includes other whisker representations.
3. The average size of whisker Dl functional representation was not significantly different between the left ( 1.86 t 0.21 mm2) and right (2.04 t 0.15 mm2) hemispheric side, suggesting that interhemispheric functional asymmetry of barrel cortex is not systematic toward a specific hemispheric side at the population level.
4. The degree of variability in the size of whisker Dl functional representation from the left hemisphere ranged between 54.6% smaller than to 50.6% larger than the left average area1 extent. A large degree of variability was also observed for the right Dl representation, 37.6% smaller than to 34.9% larger than the right average area1 extent. Thus it appears that a large variability in the size of unmanipulated single-whisker functional representations exists across animals from the same species and is not exclusive to a particular hemispheric side.
5. In 5 of 10 rats, the size of whisker Dl functional representation between the two hemispheres differed by ~25% within an individual animal. Of these five rats, four had a larger representation in their right hemisphere. The degree and direction of behavioral asymmetry was not linearly correlated with the interhemispheric asymmetry in the size of Dl functional representation (Y = 0.494).
6. The large size of a single-whisker functional representation as defined with intrinsic signal optical imaging is discussed with respect to previous anatomic and 2-deoxyglucose autoradiography studies, whereas the large variability in this size across animals is discussed with respect to the individuality of each animal. In addition, the results of the present study have implications for projects that plan to investigate relative changes in the size of singlewhisker functional representations.
INTRODUCTION
One organizational feature commonly found in the mammalian cortex is the presence of repeating functional modules known as "columns." Issues related to the area1 extent assessment of these modules -such as intraspecies variability in the size of functional modules and the relationship between interhemispheric asymmetry and behavioral asymmetry -should further the understanding of cortical functional organization. The rat whisker-to-barrel system (reviewed recently by Armstrong-James 1995; Simons 1995) is an ideal animal model for such issues. As in the mouse (Woolsey and Van der Loos 1970) , the rat barrel cortex is located in the posteromedial barrel subfield of the primary somatosensory cortex (Killackey 1973) . This cortical region processes tactile information from large facial hairs (also called whiskers or mystacial vibrissae) found on both sides of a rat's snout (Chapin and Lin 1984; Welker 197 1, 1976) . The rat whisker-to-barrel system is appealing as an animal model of cortical functional organization because each whisker occupies a point on the sensory epithelium and thus provides the opportunity for discrete stimulus delivery. Also, the representation of a single whisker is readily identifiable; each whisker has a discrete anatomic representation, termed "barrel" ( Woolsey and Van der Loos 1970) , in layer IV of barrel cortex and a discrete columnar functional representation that extends through all the cortical layers and is centered with the appropriate barrel ( Kossut et al. 1988) . The combination of these two qualities is advantageous for the straightforward interpretation of stimulus-evoked activity in the cortex. In addition, the organization of afferent vibrissal projections to barrel cortex is such that the homologous whisker representation in the opposite barrel cortex can serve as a reference for within-subject comparisons.
Despite the extensive characterization of the rat barrel cortex, certain issues related to the dynamic properties of its normal functional organization remain unresolved. Results from previous studies suggest that both the anatomic (Riddle and Purves 1995) and functional (Xerri et al. 1994) organization of primary somatosensory cortex can vary across individuals from the same species. In rat barrel cortex, Riddle and Purves ( 1995 ) have found substantial intraspecies variability in its anatomic organization. However, in general, the degree of intraspecies variability in the functional organization of barrel cortex has not been addressed. Another issue is whether the functional organization of rat barrel cortex is lateralized. Although previous anatomic studies suggest that lateralization exists in various rodent neocortical structures (for review see Glick 1985 ) including the rat barrel cortex (Riddle and Purves 1995)) this issue also has not been addressed at the functional level of cortical organization.
In the present study, we further characterize the rat barrel cortex by focusing on its functional organization with the use of intrinsic signal optical imaging (ISI). IS1 detects activity-dependent changes in the optical properties of cortical tissue with high spatial resolution (for reviews of IS1 see Frostig 1994a,b; Grinvald et al. 199 1) . Recently, IS1 was applied successfully for the visualization of single-whisker functional representations in barrel cortex (Masino et al. 1993; Narayan et al. 1994; Peterson and Goldreich 1994) . The center of a single-whisker functional representation as determined with IS1 was found to correspond with the location of the appropriate anatomic representation in layer IV of barrel cortex (Masino et al. 1993) . Moreover, it was demonstrated that the area of stimulus-evoked cortical activity as determined with IS1 corresponds with the area of underlying spiking neurons following the same stimulation (Frostig et al. 1994) . Most importantly, we have demonstrated the ability of IS1 to assess quantitatively the area1 extent of these visualized representations (Chen-Bee et al. 1996) , a necessary step for addressing the aims of the present study.
We assessed the area1 extent of a single-whisker functional representation as a means for characterizing the functional organization of rat barrel cortex. Although the area1 extent of single-whisker functional representations has been characterized previously with 2-deoxyglucose autoradiography (2-DG; see Kossut et al. 1988) , this type of quantitative assessment has not been conducted with ISI. Like 2-DG, IS1 also measures the area of functional activity with high spatial resolution ( -50 pm). In contrast to 2-DG, which is able to assess activity from different cortical layers separately, IS1 integrates the activity across cortical layers and thus provides the cumulative activity from a column of cortex. However, IS1 is advantageous because a thinned-skull preparation has been developed (Masino et al. 1993 ) that allows data collection in real time and is noninvasive to the cortex. Thus the same cortex can be sampled repeatedly with IS1 for a more accurate estimation of functional activity.
We determined the area1 extent of whisker Dl functional representation from both the left and right barrel cortex for each of 10 adult male rats. After obtaining the average size of a single-whisker functional representation, we determined the degree of variability in this size across rats. We also addressed several issues of barrel cortex functional organization at both the population level and the individual level. Although anatomic lateralization has been reported to exist in various regions of rat cortex at the population level (for review see Glick 1985) , Riddle and Purves ( 1995) have found that interhemispheric asymmetry in the anatomy of barrel cortex occurred at the individual level but not at the population level. Thus we investigated whether a larger functional representation of a single whisker was present for a specific hemispheric side across animals as well as within the same animal. Because endogenous behavioral asymmetries have been observed in unmanipulated rodents and some of these behavioral asymmetries have been correlated with anatomic and functional interhemispheric asymmetries in the brain (for review see Glick 1985) ) we were interested in finding a behavioral correlate for the presence of interhemispheric asymmetry in the size of a single-whisker functional representation. We correlated interhemispheric asymmetry in the size of a single-whisker functional representation with side preference in thigmotactic scanning (use of 1 set of whiskers to scan wall surfaces while in locomotion; for review of possible behavioral functions of whiskers see Gustafson and Felbain-Keramidas 1977) . In addition to it being a whisker-related behavior, other reasons for choosing thigmotactic scanning instead of other typical rodent behaviors (e.g., nocturnal turning; see Glick and Cox 1978) include findings that indicate that a side preference in this behavior occurs in unmanipulated animals (Schwarting et al. 1991) , and that this side preference has been implicated in endogenous as well as induced interhemispheric asymmetries, anatomic and functional, in the brain, specifically the basal ganglia system (for review see Huston et al. 1990 ).
Our results suggest that the average area1 extent of a single-whisker functional representation as assessed with IS1 is larger than expected on the basis of results from previous anatomic and functional (2-DG) findings. The size of a single-whisker functional representation can vary substantially between individual animals for the present sample population. Although a large degree of functional asymmetry can exist between the two hemispheres, interhemispheric functional asymmetry is not systematic in favor of either hemisphere at the population level. Although obvious side preferences in thigmotactic scanning are observed for some of the subjects, the behavioral preference of an individual subject is a weak indicator of which of its hemispheres contains the larger single-whisker functional representation. The results of the present study are discussed with respect to previous findings of single-whisker representations as well as with respect to implications for future projects involving IS1 and rat barrel cortex.
The present investigation has been reported previously in abstract form (Chen and Frostig 1995) .
METHODS
Some of the details have been reported previously by Masino et al. ( 1993) . Details of the visualization and quantification of single-whisker functional representations are described elsewhere (Chen-Bee et al. 1996) ; therefore a brief summary as well as additional details are included below.
Subjects
On the day of the experiment, each of 10 male Sprague-Dawley rats (Charles River Breeding Laboratories, 335-495 g) received an initial intraperitoneal injection of pentobarbital sodium (Nembutal, 50 mg/kg) followed by continuous infusion of Nembutal intraperitoneally (0.1-0.6 ml/h, Raze1 syringe pump) and additional supplements (OS-1 .O ml) throughout the course of the imaging experiment. The heart rate, respiratory rate, and body temperature were constantly monitored (Hewlett-Packard Patient Monitor 78354A) and body temperature was maintained at 37OC with an adjustable heating blanket (Baxter Health, Mundelin, IL; K-module). Subjects were killed with an overdose of Nembutal at the end of the imaging experiment.
Anesthesia maintenance
Previous findings suggest that, although the location of receptive field centers remained quite constant, other receptive field properties of cortical neurons in response to stimulation of principal and nonprincipal whiskers (e.g., receptive field size, threshold to response, frequency response, latency to peak response) differ between awake and anesthetized animals (Chapin and Lin 1984; Simons et al. 1992 ). Furthermore, receptive field size of cortical neurons can vary with the depth of anesthesia (Armstrong-James and George 1988). Thus many precautions were taken to ensure that the barrel cortices were imaged under similar anesthetic conditions across animals. As mentioned above, the heart rate, respiratory rate, and body temperature were monitored throughout the imaging experiment. In addition, the tail and eyeblink reflexes were also monitored. The shade of "redness" of the eyes and extremities, an indicator for the level of blood oxygenation, in combination with the eyeblink reflex, was particularly effective in evaluating the depth of anesthesia. To overcome possible cumulative effects of anesthesia on cortical activity, we alternated experimental procedures such as which hemispheric side was prepared first and which hemispheric side was imaged first. Also, because the time interval for collecting 128 trials ranged from 0.5 to 3 h, the averaging of these trials minimized possible contributions from fluctuating depth of anesthesia. Last, we employed the normalized threshold analysis of area1 extent quantification to overcome potential cases of slow and general fluctuations in activity (discussed below ) .
Behavioral testing
Behavioral testing was conducted before the imaging experiment. Each subject was prehandled for 5 min/day for 3 days. The following day, each subject was placed in a 25cm-wide rectangular track (outer dimensions: 120 X 80 cm) and was allowed 10 s to acclimatize to the environment before the start of the 5min testing session. Thigmotactic scanning was defined as the time spent by the subject touching the walls of the rectangular track with one set of whiskers while locomoting. Care was taken to exclude incidents such as rearing and grooming behaviors as well as exploration behaviors that involved scanning with both sets of whiskers, as in the case when the rat's head is positioned perpendicular to the walls. Scanning was timed manually with a stopwatch and scores were recorded separately for the left and the right sets of whiskers. The complete testing procedure was conducted under dim red light to minimize visual cues. Each subject was then assigned a thigmotactic scanning score (right score minus left score), with a negative score signifying a subject's preference to scan with the left set of whiskers.
Surgery
Imaging of a barrel cortex was achieved by thinning a 5 x 5 mm area of the skull (anteromedial corner positioned 1 mm caudal and 2 mm lateral relative to bregma) above the primary somatosensory cortex with a dental drill bit (HP-3, SS White). The thinning procedure was then repeated for the contralateral skull area. Before imaging, a wall of petroleum jelly was built outside the border of the thinned skull area and this "well of jelly" was filled with silicon oil (200 fluid; viscosity, 50 cs; Accumetric, Elizabethtown, KY). The well was covered with a glass coverslip (thickness: l-1.5 mm) during data collection.
Whisker stimulation
In all experiments, the Dl whisker was deflected singly with a 6-cm length of copper wire attached to a computer-controlled stepping motor. The copper wire was placed such that it did not touch whisker Dl (1 mrn away from intended point of contact) or any other whisker except during stimulus delivery. The stimulus consisted of five pulses delivered (Master -8; A.M.P.I., Jerusalem) at 5 Hz for a total stimulus duration of 1 s. Each pulse was a 0.5-mm deflection of whisker Dl in a rostral-to-caudal fashion at a distance of 15 mm away from the base of the whisker. This stimulus was sufficiently discrete to leave neighboring whiskers undisturbed (Masino and Frostig 1996; Masino et al. 1993).
Data collection
A slow-scan charge-coupled device camera (Photometrics, Tucson, AZ), equipped with a 50-mm AF Nikon lens (Nikon 1: 1 .S) combined with an extender (Nikon, PK-13)) was positioned over the thinned skull area. Computerized data collection was obtained from a 6.8 X 5.1 mm area (which included the thinned skull area) and was represented in a 192 x 144 pixel array. The camera was defocused 500 pm below the cortical surface and two computercontrolled fiber-optic light guides directed red light (630 nm) to the cortical area only during a trial. In an effort to further minimize the contributions from surface vasculature (Malonek et al. 1990; Ts'o et al. 1990 )) the amount of defocusing was increased from 300 ,um (Chen-Bee et al. 1996; Masino and Frostig 1996; Masino et al. 1993 ) to 500 pm. The camera continuously collected light reflectance in 500-ms frames (first frame = Frame 0); thus nine frames were collected for each 4.5-s trial. Each stimulation trial contained 1 s of baseline activity followed by 1 s of activity collected during whisker stimulation and 2.5 s of activity collected after stimulus offset. Data collection consisted of both stimulation and nonstimulation (control trials) interlaced randomly by the computer, with an intertrial interval of 15 s. A complete data session contained a summation of 128 stimulation trials and two data sessions were obtained from each subject (1 per hemispheric side) for a total of 20 data sessions.
Origin of intrinsic signal: volume of activity assessed from super$cial layers of barrel cortex
In the present study, the thinned skull preparation of the subject and the data collection procedure allows the assessment of the cumulative activity originating from the superficial layers of barrel cortex. The thickness of the skull after the thinning procedure has been determined previously to be -150-200 ,wm (Masino et al. 1993) . Defocusing the camera 500 ,wm below the cortical surface should enhance collection of activity originating within the depth of field of the camera lens. However, defocusing does not prevent collection of activity originating superficially to this field. Thus activity is not collected separately for individual cortical layers, nor is collection restricted to a single layer. Instead, data collected in the present study comprise activity integrated across the superficial layers I-IV, assuming that the optical properties of primate cortical tissue (Malonek et al. 1990) The intratrial analysis allows the visualization of cortical activity by dividing data collected within the same trial. A common method is to divide data collected after the onset of whisker stimulation by prestimulus data. We employed an alternative method that we found to be effective in minimizing blood vessel representations commonly encountered with ISI: for each data file, data collected within 0.5-2.0 s after stimulus onset (Frames 3-5) were divided by prestimulus data (Frame 1) as well as by data collected within 2.5 s after stimulus onset (Frame 6). A gray scale mapping function was then applied to the ratio values obtained after the division calculations so that a single-whisker functional representation is visualized as a coherent dark area (Fig. 1A) .
Before any quantification, the ratio values were processed with a Gaussian filter to remove high-frequency noise (Fig.  1 B) . A computer algorithm then calculated the difference between the peak ratio value within the functional representation and the median ratio value and normalized it to 100% (normalized difference). This normalization should therefore account for general Visualization and area1 extent quantification of a single-whisker functional representation. The above 6 X 4 mm images are visualizations of intrinsic signal activity within the left barrel cortex of a 365-g male rat in response to whisker Dl stimulation ( 1 s at 5 Hz). Medial is toward the top; rostra1 is toward the left. The functional representation of whisker Dl is visualized as a dark coherent area. A : note the presence of high-frequency noise (salt-and-pepper characteristic) in the raw image before filtering of data. B: processing of data with a Gaussian filter (half-width = 7) smoothes out the noise without compromising the presence of the single-whisker functional representation. C: area1 extent borders as determined with the normalized threshold analysis are superimposed on the same image as in B. Starting with the smallest border, they are examples of area1 extents obtained from thresholding at the 25th, 50th, and 75th percentile. For quantitative purposes, the area enclosed within the 50th percentile border (area at half-height) was used to define the area1 extent of a single-whisker functional representation. See text for details. changes in. activity unrelated to whisker stimulation (e.g., potential changes in overall cortical excitability due to fluctuations in depth of anesthesia). The normalized threshold analysis enclosed the cortical area surrounding the peak ratio value that contains any predefined percentile of the normalized difference (Fig. 1C) . For quantification purposes, we chose to threshold at the 50th percentile of the normalized difference, and the enclosed area was termed the "area at half-height" (for examples see Fig. 2 ).
REGRESSION-BASED CORRECTION FOR LINEAR FILTERING OF
DATA. Because the normalized threshold analysis of area1 extent quantification was sensitive to high-frequency noise (Fig. lA) , it was necessary to process the ratio values with a Gaussian filter (Fig. 1B) . Because this linear filtering influences the area1 extent values obtained with the normalized threshold analysis, we adjusted the area1 extent values according to a regression-based correction protocol described in Masino and Frostig (1996) . Briefly, each data session was processed with increasing degrees of Gaussian filtering. The Y intercept of the linear regression drawn for each data session provided an estimate of the area1 extent expected in the absence of filtering for that data session. All descriptive statistics provided in the present investigation were based on the corrected area1 extent values.
RESULTS
Average area1 extent of whisker DI functional representation across animals
The area1 extent of whisker Dl was determined for the left and right barrel cortex of each of 10 rats. To characterize the functional organization of barrel cortex at the population level, we grouped the area1 extent values into three categories and calculated the mean value for I) the left cortex, 2) the right cortex, and 3) the individual averages (average of left and right cortex determined for each animal). The area1 extent of whisker Dl ranged between 0.84 and 2.80 mm2 for the left cortex, between 1.27 and 2.75 mm* for the right cortex, and between 1.40 and 2.78 mm* for the individual average. The means (N = 10 rats) and means + SE for the left cortex (1.86 + 0.21 mm', mean + SE), the right cortex (2.04 + 0.15 mm2), and the individual average ( 1.95 t 0.14 mm2) are illustrated in Fig. 3 . When the area1 extents were grouped by hemispheric side, we found no significant difference between the left and right barrel cortex (paired ttest, P = 0.472; see Fig. 3 ), suggesting that there is a lack of a systematic trend toward a larger area1 extent in favor of either hemisphere at the population level.
Functional variability of whisker Dl representation across animals
The variability in the functional organization of barrel cortex across animals was assessed in the following manner. For each animal, the area1 extent of each hemisphere was expressed as a percent difference relative to the appropriate mean: (X -1.86 mm*)/1.86 mm** 100 and (x -2.04 mm2)/ 2.04 mm2* 100 for the left and right cortex, respectively, where x is the value for an individual animal. In addition, the individual average of each animal was expressed as a percent difference relative to the mean individual average: (x -1.95 mm*)/1.95 mm*. 100. As illustrated in Fig. 4A , the functional organization of the left barrel cortex can vary greatly across animals; the variability ranged between 54.6% smaller than to 50.6% larger than the mean left area1 extent. This large degree of variability (>25% difference) was also observed in individual cases for the right cortex (37.6% smaller than to 34.9% larger than the mean right area1 extent) and for the individual average (28.2% smaller than to 42.4% larger than the mean individual area1 extent; see Fig. 4B ), suggesting that a large variability in the functional organization of barrel cortex across animals is not specific to the side of the hemisphere.
Left Cortex
Right Cortex FIG. 2. Examples of whisker Dl functional representations. The above are 6 X 4 mm images of intrinsic signal activity in response to whisker Dl stimulation ( 1 s at 5 Hz) within barrel cortices of 3 rats. The images are from data processed with a Gaussian filter (half-width = 7) and the white borders enclose the area at half-height. Medial is toward the top for all images. The top, middle, and bottom rows are from a 395-, 495-, or 370-g male rat, respectively. Note that the size of whisker Dl functional representation can be fairly similar between the 2 hemispheric sides in some rats (middle TOW), whereas in other rats a larger Dl representation was observed for the left (top row) or right (bottom row) side. Black and white streaks: blood vessel artifacts.
The above variability observed across rats may be limited can only partially account for the large variability that can to the reproducibility of our technique. In 3 of the 10 rats, exist between some rats. an additional data session was conducted so that the same Note in Fig. 4A that the degree and direction (smaller hemisphere (right side) was assessed twice sequentially. For or larger than mean) of variability away from the mean each rat, the variability of the same hemisphere was ex-for the left cortex was a weak predictor of the degree pressed as the percent difference away from the mean for and direction of variability for the right cortex; for those that hemisphere. The degree of variability within the same three rats in which left whisker Dl representation was hemisphere ranged from 3.2% to 17.8%, with an average of smaller than the mean left area1 extent by at least -25%, 8.2%. It appears that the variability inherent to our technique the variability in right whisker Dl representation differed unsystematically in both the degree and direction of variability away from the mean right area1 extent (see rats 1, 4, and Sin Fig. 4A ).
Functional asymmetry between hemispheres at the individual level
To assess the degree of interhemispheric functional asymmetry for each individual animal, we performed the same calculations that have been employed previously by Riddle and Purves ( 1995) . An interhemispheric functional asymmetry index was calculated for each animal according to the following formula: ( I right -left / )/[ (right + left)/21 * 100. For illustrative purposes, a negative value was assigned for those cases in which the left hemisphere was larger (see Figs. 5A and 6). However, statistics were performed on absolute values. By normalizing the difference between the right and left cortex relative to the average of the two, the above formula should account for the large differences in the size of whisker Dl functional representation observed across animals and therefore facilitate the comparison across animals. We found that the functional organization of barrel cortex was fairly symmetrical between the two hemispheres in 5 of 10 rats (<lo% difference; see rats 2, 3, 7, 9, and 10 in Fig. 5A ). However, the remaining five rats exhibited a substantial degree of interhemispheric functional asymmetry (>25% difference; see rats 1, 4, 5, 6, and 8 in Fig. 5A ). Interestingly, four of these five animals that showed a large degree of interhemispheric asymmetry had a larger right whisker Dl representation (rats I, 4, 5, and 6). When the interhemispheric functional asymmetry values were grouped according to the hemispheric side that contained the larger whisker representation (Fig. 5 B) , we found that the degree of asymmetry was significantly larger (unpaired t-test, P < 0.05) for those animals in which the right side was larger (54.7 + 10.6%, N = 4 rats) as compared with those animals in which the left side was larger (15.3 t 10.4%, N = 6 rats). Although the sample size of the present study was too small to draw any firm conclusions, this finding suggested that there may be a tendency toward a larger right singlewhisker functional representation in animals that have a large functional asymmetry between the right and left barrel cortices.
Because the left and right barrel cortices of the same animal were not assessed simultaneously, the order of imaging may influence the comparison between the two hemispheres. However, as illustrated in Fig. 5A , there is a lack of correlation between which hemisphere was imaged first and which hemisphere contained the larger whisker Dl representation. For example, a substantially larger representation was found in the right hemisphere for both rats I and 5 in Fig. 5A , although the left hemisphere was imaged first for rat 1 whereas the right hemisphere was imaged first for rat 5. B: scatterplot reveals that a large variability across animals (>25% difference) was observed for both the left and the right whisker Dl representation as well as for the individual average, suggesting that a large variability across animals is not restricted to 1 hemispheric side. Correlation between spontaneous behavioral asymmetries and interhemispheric functional asymmetry at the individual level
Before barrel cortex was imaged, each animal was tested for degree of behavioral asym metry i n thigmotactic scanning, a typical whisker-related rodent behavior. Whi le the rat explored a novel environment, we recorded separately the time devoted to scanning with either the left or right set of whiskers (testing session = 5 min). The degree of asymmetry in thigmotactic scanning was simply calculated as the difference in time between the right and left, with negative values indicating a rat's preference to scan with the left set of whiskers. Four rats were fairly symmetrical in their preference ( < 10-s difference), whereas six rats preferred to scan ( > 10-s difference) with either their left (4 rats) or right (2 rats) set of whiskers.
To ascertain whether a relationship existed between the degree of this behavioral asymmetry and interhemispheric functional asymmetry of barrel cortex, a linear regression was determined for these two variables. As illustrated in Fig.  6 , we found that the degree and direction of a rat's asymmetry in thigmotactic scanning was a weak indicator of which of the hemispheres would contain the larger whisker Dl functional representation (r = 0.494). For instance, of the four rats that showed a large interhemispheric asymmetry ( >25% difference) in favor of a larger right barrel cortex, two preferred to scan with the right set of whiskers, one preferred to scan with the left set of whiskers, and one had no preference. Thus the direction and degree of behavioral asymmetry did not predict the direction and degree of interhemispheric asymmetry in the size of whisker Dl functional representation.
DISCUSSION

Large whisker Dl functional representation
The results from the present study suggest that the average area1 extent of a single-whisker functional representation as determined with IS1 (quantified as area at half-height) is 1 95 + 0.14 mm'. This finding is rather surprising in light -of past research on single-whisker representations. With respect to layer IV of rat barrel cortex (Jensen and Killackey 1987; Land and Simons 1985; Riddle and Purves 1995; Riddle et al. 1992; Zheng and Purves 1995) ) the anatomic representation of whisker Dl (0.14 mm2 ; D. Riddle, personal communication) is smaller by an order of magnitude as compared with our value. Although Kossut et al. ( 1988) have shown previously that the functional representation of a single whisker is larger than its anatomic representation, we were impressed by the degree of largeness of whisker Dl functional representation. Although both IS1 and 2-DG evaluate functional activity in the cortex, the area1 extent of a single-whisker functional representation as determined with 2-DG is also smaller than ours: 1.95 mm2 as determined with IS1 as compared with 0.2-0.5 mm2 as determined with 2-DG (estimated value by present authors for layer IV barrel cortex; see Jacobs et al. 1991; Kossut 1992a; Kossut et al. 1988; Levin and Dunn-Meynell 1991; Levin et al. 1988 ). The discrepancy between our results and 2-DG results may be due to differences in experimental techniques/protocols such as 1) size and gender of rats (males vs. females); 2) identity of the single-whisker functional representation (Dl vs. C3); 3) repeated presentation of short-lasting ( 1 s) whisker stimulation versus single presentation of long-lasting (45 min) whisker stimulation; 4) anesthesia (pentobarbital sodium vs. awake); and 5) type of signal (changes in optical properties vs. level of cellular metabolism).
The larger single-whisker functional representation obtained in I the present study may partially be due to the larger size of the subjects, as well as to gender-specific factors. The difference in which whisker was stimulated may also be relevant because the anatomic representation of a single whisker increases in size as the position of the whisker on the snout moves posterolaterally (Woolsey and Van der Loos 1970). However, a similarly large functional representation has been obtained for whisker C2 (Masino and Frostig 1996) . The difference in the whisker stimulus may also be relevant. Further investigation is necessary to elucidate whether different stimulus durations ( 1 s vs. 45 min) evoke different patterns of activity, as well as whether the type of presentation (single vs. repeated presentation)
is also an important factor. The issue of anesthesia may be relevant because pentobarbital sodium has been found to suppress cortical uptake of 2-DG (Sokoloff et al. 1977) ; however, we have obtained a larger area of activity as compared with 2-DG studies although our animals were anesthetized. Another difference between IS1 and 2-DG is the type of signal assessed by each technique, as well as the method employed for the area1 extent quantification of a single-whisker functional representation. For example, 2-DG activity can be assessed separately for individual cortical layers, whereas activity collected in the present study is integrated across the superficial layers I-IV and thus assesses the cumulative activity from a column of cortex. Because the area1 extent of activity within a single-whisker representation can vary across cortical layers (Kossut et al. 1988) , data collection . from the superficial layers may account for the larger area of activity reported in the present study. However, this is unlikely because the widest region of 2-DG labeling for a single-whisker representation in rat barrel cortex is located in layer IV (Kossut et al. 1988) and area1 values for this layer are small as compared with our results.
Although the above differences are worthy of consideration, they can only partially account for the extent of largeness in the size of a single-whisker functional representation reported in the present study. Furthermore, on the basis of a direct comparison between IS1 and electrophysiology within the same animal, a close correspondence was found between stimulus-related neuronal response and the activity pattern as obtained with IS1 (Frostig et al. 1994 ). In addition, our results are in agreement with previous work of Armstrong-James and Fox (1987) and Armstrong-James et al. ( 1992) , despite the following differences: I ) while Armstrong-James and coworkers also used repeating presentation of whisker stimulus, the duration of the whisker stimulus was shorter than in the present study (200+m deflections 10 ms in duration per deflection at 1 Hz); 2) ArmstrongJames and coworkers anesthetized the animals with urethan, whereas the animals in the present study were anesthetized with pentobarbital sodium; and 3) Armstrong-James and coworkers assessed response properties of single units, whereas the present study assessed activity-dependent changes in the optical property of cortical tissue. Also, Armstrong-James and coworkers (Armstrong-James and Fox 1987; Armstrong-James et al. 1992 ) characterized the spatial aspects of the temporal response properties to single-whisker stimulation and did not attempt to determine the entire area1 extent of a single-whisker functional representation. Despite these differences, as in the present study, the results of ArmstrongJames and coworkers suggest that stimulation of a single whisker evokes a widespread region of activity within barrel cortex.
In addition, other investigators have obtained similarly large areas of activity with optical imaging of voltage-sensitive dyes (Grinvald et al. 1986; Orbach et al. 1985 ) and intrinsic signals (Grinvald et al. 1986 ). Also, we have obtained a large functional representation of a single whisker in other investigations with the use of the same ISI protocol (Masino and Frostig 1996) . Recently, Hoeflinger et al. ( 1995 ) have found that local intracortical projections within the supragranular layers of barrel cortex extend substantially outward ( -1 mm) from the center of a whisker barrel. These local intracortical projections may be a possible anatomic substrate for the largeness in the size of single-whisker functional representation obtained in the present study.
Large variability in cortical functional organization between animals
The area1 extent of whisker Dl functional representation varied substantially between animals, regardless of whether the comparison was restricted to the left or right cortex, or the average of the two (Fig. 4) . While assessing the somatosensory representations of the ventral trunk skin, Xerri et al. ( 1994) have also found a large degree of cortical functional variability between rats. Merzenich ( 1985) has provided a review of possible explanations to account for such a variability within the same species. Other than limitations related to experimental protocol (in our case, fluctuating depth of anesthesia may be especially relevant and will be discussed shortly), there are also sources of variability that are inherent to the animals and include I) differences in peripheral features, 2) differences in early life experiences, and 3) differences in the use of peripheral units throughout the course of an animal's lifetime. For example, the large variability between rats observed in the present study may reflect the individuality of different Dl whiskers, a suggestion that agrees with previous findings of differences in the anatomic organization of barrel cortex corresponding to differences in whisker patterns on an animal's snout (Welker and Van Der Loos 1986a,b) . Early life experiences may also play an important role in individualizing a singlewhisker representation. Numerous studies suggest that whisker innervation and/or stimulation during development is essential for normal establishement of both the anatomic and functional organization of rat and mouse barrel cortex (for reviews see Killackey et al. 1990; Kossut 1992b; Rhoades et al. 1990; Woolsey 1990) . Experiences during adulthood may also play as relevant a role in individualizing whisker functional representations, because previous findings suggest that altering the input from whiskers (e.g., sensory deprivation or chronic stimulation) of an adult rodent can disrupt the normal functional organization of the barrel cortex (Diamond et al. 1993 (Diamond et al. , 1994 Jablonska et al. 1995; Kossut et al. 1988; Siucinska and Kossut 1994; Welker et al. 1992 ; for review of rat findings see Kossut 1992b).
As mentioned previously in the METHODS section, anesthesia has been found to influence neuronal activity in barrel cortex and thus presents the possibility that fluctuations in the depth of anesthesia may contribute to the variability observed in the present study. However, the precautions taken throughout each imaging experiment should limit this contribution. In addition to the standard practices of anesthesia maintenance, such as checking reflexes and administering supplements when the animal appeared lightly anesthetized (see METHODS), we incorporated other procedures for minimizing the effects of fluctuating anesthesia on data collection and analysis. First, we averaged 128 trials collected over OS-3 h. Assuming that fluctuations in the depth of anesthesia occur in a nonsystematic fashion, the averaging of trials collected over this extended time interval should cancel the effects of fluctuating anesthesia depth. Also, the possible cumulative effect of anesthesia on cortical activity should be minimized by our practice of alternating the order of imaging for the two hemispheres. Last, the normalized threshold analysis of area1 extent quantification minimized the contributions from slow and general changes in activity. As noted in the RESULTS section, the large degree of variability observed across some of the animals lies outside the variability inherent to our technique.
Lack of interhemispheric functional asymmetry of barrel cortex at population level Our results suggest that, at the population level, the functional organization of barrel cortex between the two hemispheres is similar (Fig. 3) . Previous anatomic findings suggest that the right neocortex of adult male rats is larger than the left neocortex (Diamond et al. 1983; Sherman and Galaburda 1984 ) . However, interhemispheric asymmetry may be dependent on an animal's age, because results of Tobet et al. ( 1993) suggest that young male and female rats have, respectively, larger left and right barrel cortices. In addition, interhemispheric asymmetry may also depend on the cortical region. Glick et al. ( 1979) reported that interhemispheric functional asymmetry in rat brains, as assessed with 2-DG, varied with the neocortical region and that the posterior cortex, which includes barrel cortex, was not systematically larger for one hemisphere at the population level. Riddle and Purves ( 1995) reported a lack of interhemispheric asymmetry at the population level when they investigated the anatomic organization of barrel cortex in adult male rats. The above findings (Diamond et al. 1983; Glick et al. 1979; Riddle and Purves 1995; Sherman and Galaburda 1984; Tobet et al. 1993) suggest that neocortical interhemispheric asymmetry, whether anatomic or functional, may vary depending on the cortical region and the animal's gender and age. The results of the present study suggest that the functional organization of barrel cortex is not lateralized at the population level when sampling from adult male rats, which agrees with previous results of Riddle and Purves (1995) .
Interhemispheric functional asymmetry of barrel cortex at individual level
Although there is a lack of interhemispheric functional asymmetry at the population level, the functional organization of the left and right barrel cortices of an individual animal was observed to differ by as much as 79.4%, with the degree of interhemispheric functional asymmetry varying widely across animals (Fig. 5A ). Because the left and right barrel cortices were not imaged simultaneously, fluctuations in depth of anesthesia over time may account for our observed differences between the two hemispheres of any individual animal. However, the influence of these fluctuations on data processing and analysis should be minimal for the same reasons discussed previously (see 2nd section of DIS-CUSSION).
Furthermore, the hemispheric side that contained the larger whisker D 1 representation appeared uncorrelated with the order of imaging (Fig. 5A ). In addition, Riddle and Purves ( 1995) also reported a large interhemispheric asymmetry in the anatomic organization of barrel cortex at the individual level (up to 30% difference between the 2 hemispheres).
The possible sources for the large variability across animals reviewed by Merzenich ( 1985) also apply for the degree of interhemispheric functional asymmetry of an individual animal, i.e., the left and right whiskers of a rat may differ in their peripheral features, early life experiences, and adult experiences. Hormones may also play a role in lateralizing the morphology of barrel cortex (for review see Glick 1985 ) . One example of differences in adult experiences is endogenous behavioral asymmetries, discussed below.
Weak correlation between interhemispheric functional asymmetry and thigmotactic scanning
The lack of a strong correlation between the preferred direction of thigmotactic scanning and the degree of interhemispheric functional asymmetry was rather surprising because this typical rodent behavior was found to be strongly correlated with various interhemispheric asymmetries endogenous to the nigrostriatal system (Schwarting et al. 1991) . Because one of the main afferent inputs to this system originates from the sensory cortices (for review of basal ganglia1 afferent/efferent projections see Heimer et al. 1995 ) , we expected a similar correlation between interhemispheric functional asymmetry of barrel cortex and thigmotactic scanning. However, this lack of correlation does not exclude the possibility that interhemispheric functional asymmetry in rat barrel cortex may be related to behavior. As shown by Barneoud and Van der Loos ( 1993)) the direc-tion of paw preference is associated with barrel cortex asymmetry. Because Bameoud and Van der Loos assessed the anatomic organization of barrel cortex, it would be interesting to see whether a similar correlation can be found between handedness and interhemispheric functional asymmetry of barrel cortex, as well as other endogenous behavioral asymmetries that have been correlated with basal ganglia asymmetries such as nocturnal turning (Shapiro et al. 1987 ) and direction of neonatal tail posture (Rosen et al. 1984) .
Implications for projects that use ISI and rat barrel cortex
The average area1 extent of an unmanipulated singlewhisker functional representation as determined with IS1 should prove useful in providing a reference with which to make comparisons. Its large size ( 1.95 mm") has interesting implications for the understanding of how sensory information is integrated within barrel cortex, because the stimulation of a single whisker appears to evoke activity over a large cortical area that includes other whisker representations. The individuality of a single-whisker functional representation observed between animals in the present study should be especially relevant for future projects that plan to compare relative changes in the size of single-whisker functional representations between experimental and control rats. Although the use of the opposite barrel cortex as a withinsubject control should overcome problems associated with individual differences, the large asymmetry in the size of single-whisker functional representation that can exist between the two barrel cortices of the same animal suggests that such a comparison may be less than optimal. It has yet to be determined whether a behavioral correlate exists for an individual rat's degree of interhemispheric asymmetry in the size of a single-whisker functional representation. Until then, the characterization of single-whisker functional representations before and after a manipulation within the same animal should help overcome problems associated with both individual differences across animals and interhemispheric differences within the same animal.
